Background--Large studies are required for reliable estimates of important risk factors for abdominal aortic aneurysm (AAA). This could guide targeted AAA screening programs, particularly in subgroups like women who are currently excluded from such programs.
A bdominal aortic aneurysm (AAA) is an important cause of mortality in western countries, with a high fatality rate of %80% for ruptured AAAs contributing between 6000 and 8000 deaths each year in the United States and United Kingdom. 1, 2 Many of these deaths are preventable, and the introduction of AAA screening programs for men in countries such as the United States and United Kingdom has been shown to reduce AAA-related mortality. 3 Currently, screening is only considered to be cost effective for men aged >65 years (United Kingdom), who additionally have a history of smoking (United States). 4, 5 Previous research on risk factors for AAA have generally come from small studies where the role of chance could skew the magnitude of associations, particularly in subgroups with low prevalence of AAA. [6] [7] [8] Furthermore, most reports have not excluded people with comorbid or pre-existing cardiovascular disease. 7 While associations with prior cardiovascular disease are important when estimating risk in screening populations, reverse causality arising from prior disease could have led to changes in modifiable risk factors such as smoking status, diet, body mass index (BMI), blood pressure and blood lipids, which would bias any observed associations. 7 This study therefore aims to estimate the sex-specific prevalence of screen-detected AAA, and reliably assess among men and women the strength of the associations between vascular risk factors and AAA in a large cross-sectional screening survey of 2.3 million adults (two-thirds women) without prior cardiovascular disease or previously diagnosed AAA. Understanding the relative importance of risk factors for AAA could guide targeted AAA screening programs, particularly for women who are currently excluded from such programs. It may also provide insight into potentially effective treatments for AAA.
Methods

Screening Population
This was a cross-sectional study of 1.5 million women and 0.8 million men who attended commercial screening clinics in the United States (98%) or United Kingdom between 2008 to 2012 and 2009 to 2013, respectively. 9 Attendees selfreferred and self-funded for a preventative health check that screened for risk factors that could lead to heart disease or stroke. Attendees underwent screening procedures that included: abdominal aortic aneurysm screening; carotid duplex screening; ankle-brachial pressure index assessment; and a 12-lead ECG. Attendees provided information on medical history and traditional vascular risk factors at the time of screening using a standardized questionnaire. A subset of attendees opted to have additional blood tests (see below). For the purposes of this study, analyses excluded those outside the age range of 35 to 89 years (0.4%), those with a prior history of atherosclerotic vascular disease (heart disease, stroke, and abdominal aortic aneurysm; 9.6%), those with missing AAA data (12.2%), and those with missing data or extreme values for risk factors (6.3%; Table S1 ). All attendees provided written consent for their de-identified data to be analyzed for research purposes, and the study was approved by the University of Oxford Central University Research Ethics Committee. The authors had full access to the data in the study and take responsibility for their integrity and analysis. The data that support the findings of this study are available from the corresponding author upon reasonable request.
Demographic and self-reported clinical history data were recorded for each attendee including age, sex, history of hypertension, history of diabetes mellitus (either diagnosis by a doctor, or report of hypoglycemic medications), smoking history (current smoker versus previous smoker versus never smoked), and cardiovascular medications (antiplatelet, antihypertensive, or lipid-lowering drug). Weight and height were self-reported in imperial units, and afterwards converted to SI units. BMI was calculated as weight (kg) /height (m 2 ). Blood pressure was measured as part of an ankle-brachial pressure index assessment. Standard blood pressure cuffs and sphygmomanometers were used, with systolic blood pressure (SBP) measured with a Doppler probe.
Abdominal Aortic Aneurysm Screening
AAA screening was conducted by technicians using dedicated vascular ultrasound units (GE LOGIQ e, GE Healthcare, Waukesha, WI, USA). The maximum infra-renal aortic diameter of the antero-posterior and transverse planes was used to indicate aortic size. AAA was defined as a maximum infrarenal aortic diameter ≥3 cm.
Biochemical Measurements
A subset of attendees opted to have additional non-fasting point-of-care blood tests, including lipid fractions (N=404 919 [17.4%] ). Circulating total cholesterol, high density lipoprotein-cholesterol (HDL-C) and triglycerides were measured using enzymatic methods, and were quantified using the Alere Cholestech LDX system (Alere Inc, Waltham, MA, USA). 10 Low density lipoprotein-cholesterol (LDL-C) was calculated using the Friedewald Formula (LDL-C=total cholesterol-HDL-C-[triglycerides/constant]). 11
Statistical Analysis
Prevalence was reported in terms of binomial proportions and 95% confidence limits, and stratified according to age group, sex, and smoking status. Multivariable logistic regression was used to assess the associations of vascular risk factors with AAA, overall and within sex-specific subgroups; adjusted for age, country, and sex (when appropriate). Strictly this yields odds ratios, but as the prevalence of disease was low, these are almost identical to risk ratios (RRs), and they are described as RRs rather than odds ratios (for readability by non-statisticians). The
Clinical Perspective
What Is New?
• The importance of smoking as the principal risk factor for abdominal aortic aneurysm (AAA) in women has been underestimated substantially, with AAA risk being nearly 30 times greater in female smokers aged <75 years than in never-smokers. • At any given age, female smokers have double the risk of AAA than male never-smokers. • Log-linear increases in the risks of AAA with other traditional vascular risk factors should be considered when evaluating at-risk populations.
What Are the Implications?
• A policy of screening lower risk male never-smokers for AAA, but not female current smokers, is questionable.
association of BMI with AAA was additionally adjusted for smoking status, as tobacco smoking and the diseases it causes may result in weight loss (reverse causation). Similarly, since lipid-lowering therapies (in particular statins) markedly reduce circulating LDL-C concentration and may inhibit the progression of vascular disease, the assessment of the associations between lipid fractions and AAA were restricted to people not taking lipid-lowering drugs (310 512 [76.7% of subsample with lipid measurements]). 12, 13 Similarly, analyses of SBP and AAA were limited to those not taking antihypertensive medication (1 460 570 [62.6% of full sample]), although sensitivity analyses checked associations in the total sample regardless of medication use for both lipids and blood pressure. Since some lipid fractions were moderately correlated, the association of lipid fractions with AAA were further adjusted for each other (eg, LDL-C additionally adjusted for HDL-C and triglycerides). Continuous risk factors were grouped into quantiles for plotting and to assess the shape of the relationship with AAA, and, if assessed to be approximately log-linear, then used as continuous variables in analyses when estimating the strength of the associations. The comparative magnitude of vascular risk factors was assessed by standardizing the regression coefficients to one "usual" SD (see below). Because of the skewed distribution of triglycerides, estimates of triglycerides were conducted on the log scale and are presented as average risk ratios per 1.3 higher triglycerides levels (which corresponds to about 1 usual SD difference in log triglycerides levels). Because of biological fluctuations and measurement error in a risk factor, using only a single measurement to classify the baseline exposure will cause the strength of any association to be underestimated (regression dilution bias). 14, 15 Resurvey measurements were available for 10 245 attendees (0.43%) who underwent repeat screening at a median of 1.4 (IQR 1.2-2.4) years after baseline assessment, and can be used to correct for this underestimation in 2 ways (Table S2 ). First, for each continuous risk factor, risk ratios were estimated for groups defined by the baseline values, but plotted against the mean of the resurvey values ("usual value"). Second, self-correlations between baseline and resurvey values were used to estimate the regression dilution ratio, and, for each risk factor, the standard deviation of the baseline measurements was multiplied by the regression dilution ratio to estimate the SD of the long-term "usual" values. 14 CIs in plots were calculated using the variance of the log risk in each group (including the reference group) which reflect the uncertainty in every group, including the reference group, and enables comparisons across exposure groups irrespective of the choice of a reference group. 16, 17 All analyses were performed using SAS software version 9.3 (SAS Institute) and graphics were produced with the R statistical package, version 3.3.1 (www.r-project.org/).
Results
Sample Characteristics
After exclusions for prior disease and missing data, 2.3 million of the original 3.3 million attendees remained (0.8 million men [35%] and 1.5 million women [65%]), with a mean (SD) age of 63.9 (10.0) years, BMI of 27.4 (4.6) kg/m 2 , and SBP of 132 (20) mm Hg (Table 1 ; Table S1 ). Nine percent of both male and female attendees were current smokers, 31% were taking lipid-lowering medications and 37% were on antihypertensive medication. Of the 310 512 (13%) attendees with measurements of serum cholesterol that were not taking lipidlowering medication, the mean (SD) LDL-C was 3.2 (0.9) mmol/L, HDL-C was 1.4 (0.4) mmol/L and triglycerides was 1.3 (0.6) mmol/L. 
Association of Sociodemographic and Anthropometric Risk Factors With AAA
The overall prevalence of AAA was 0.6% (95% CI: 0.54-0.56) (N=12 729). AAA was more common among men than women (age-adjusted prevalence: 1.5% versus 0.25%), increasing with age in both ( Figure 1 ). In each age group, the prevalence of AAA was substantially higher among smokers than non-smokers. Among female smokers, the prevalence of AAA increased from 0.9% in those aged 60 to 69 years, to 4.1% in those aged >80 years and was higher than in never-smoking men in every age group. Compared with never smokers, the risk of AAA among current smokers was %7 times greater for men (RR 7.3, 95% CI: 6.4-8.2), but 15 times greater in women (RR 15.0, 13.2-17.0) ( Figure 2) . The associations were particularly strong in women aged <75 years, with the risk of AAA among current smokers almost 30 times that of never smokers (26.4, 20.3-34.2).
Positive log-linear associations between physical measurements and AAA are shown in Figure 3 . Each additional 4.0 kg/m 2 higher BMI (ie, 1 usual SD) was associated with a 14% higher risk of AAA (RR 1.14; 95% CI 1.12-1.16), and this was similar in men and women ( 
Association of Biochemical Measurements With AAA
Log-linear relationships were observed for each of the blood lipids with AAA, independent of each other, with positive associations for usual LDL-C and usual triglycerides and an inverse association for usual HDL-C ( Figure 4 ). The risk of AAA was 19% higher (RR 1.19; 95% CI 1.13-1.26) per 0.65 mmol/L higher usual LDL-C and 11% (1.11; 1.04-1.18) per 1.3-fold higher usual triglycerides. Of all the continuous risk factors analyzed, the strongest log-linear association was seen between HDL-C and AAA, with a 0.37 mmol/L lower usual HDL-C associated with a 38% higher risk of AAA (1.38; 1.29-1.47). These associations were similar for men and women ( Table 2) .
In sensitivity analyses for lipids and SBP that did not exclude participants taking lipid-lowering or antihypertensive treatments, results were marginally weaker (eg, LDL-C: 
Discussion
To our knowledge, this is one of the largest studies of abdominal aortic aneurysm, where 1.5 million women and 0.8 million men without prior disease attended a commercial screening clinic in the United States and United Kingdom, and 12 729 screened positive for AAA. Among women, the risk of screen-detected AAA was 15 times higher among current smokers compared with never smokers and was 7 times higher among men. Among women aged <75 years, the risks were nearly 30 times greater for current smokers than for never-smokers.
The relative risks reported in this study for smoking contrast with 2 previous meta-analyses on risk factors for AAA which reported that current smoking increased the risk of AAA by only 2 to 3 times. 6, 7 The much stronger associations shown here may be attributable to the exclusion of participants with prior cardiovascular disease, since inclusion of participants with pre-existing disease in previous studies may have underestimated the association if participants had recently quit smoking because of their diagnosis (reverse causality). The extremely high relative risks of AAA for women smokers in this study are particularly important since small AAA rupture is more likely in women, and continued smoking increases the rate of AAA growth and doubles the risk of rupture. 18 Importantly, for determining screening strategies, the prevalence of AAA in female smokers in this study was higher than in never-smoking men in every age group examined. This finding is consistent with a smaller prospective study which reported that the lifetime risk of AAA for female smokers was similar to that in men who were ex-smokers and greater than that in men who were never smokers. 19 Previous evaluations of AAA screening in women were too underpowered to make any recommendations, 4 and hence women are currently not included in United States and United Kingdom AAA screening programs. However, these findings suggest that larger studies could have the power to reliably evaluate the cost- Overall risks ratios calculated as the inverse-variance average of the women and men sex-specific associations. BMI, body mass index; HDL-C, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol; RR, risk ratio; SBP, systolic blood pressure. *Usual SD=exp(logSD9regression dilution ratio). effectiveness of potential screening programs in important subgroups, such as women who smoke. Few modifiable risk factors for AAA, other than smoking, have previously been identified. An important strength of this study was its ability to demonstrate reliably strong associations with AAA across a range of modifiable vascular risk factors for both women and men; including BMI, SBP, LDL-C and triglycerides (all positive) and HDL-C (inverse). Our results also show that these associations were continuous across the range of values recorded, with no thresholds above or below which the associations plateaued. Previous research has been equivocal, reporting weak or null associations for these risk factors and few studies have had the power to examine these associations separately for men and women. 7, 8, [18] [19] [20] [21] [22] [23] Furthermore, previous studies have not corrected for regression dilution bias, and so the strength of the associations would have been weakened by biological fluctuations and measurement error in the risk factors. 15 Prior research on the association of lipids with AAA has been complicated by examination of different lipid measurements, the lack of adjustment for lipid-lowering medication and the correlation between different lipoproteins. 8, 24 Analyses on total cholesterol and LDL-C have been mixed, with metaanalyses of observational studies showing no association with AAA for LDL-C; [24] [25] [26] [27] [28] although observational evidence on the inverse association with HDL-C has been more consistent. 24, [26] [27] [28] After excluding for lipid-lowering therapies and adjusting for correlations amongst lipid fractions in the current study, there were positive log-linear associations for LDL-C and triglycerides, and an inverse association for HDL-C that was the strongest association apart from smoking. Similarly, a metaanalysis of Mendelian Randomization studies of lipids and AAA concluded that there were positive associations with LDL-C and triglycerides, and an inverse association with HDL-C; the effect sizes in that meta-analysis were similar to this study for HDL-C but were stronger for LDL-C and triglycerides. 29 Even though women were on average shorter than men (suggesting they would have smaller aortas), positive loglinear associations between height and AAA were still apparent across the range of values for both men and women, with similar effect sizes. While other research has documented similar positive associations between height and AAA, a previous meta-analysis of prospective data reported inverse associations for height with coronary disease, stroke, and heart failure. 30 The positive associations with height for both sexes in the current study, as well as with the traditional vascular risk factors, support the idea that while the development of AAA may share many vascular risk factors with other forms of cardiovascular disease, the etiology of AAA may also be due to some distinct processes.
The extremely large size of the sample recruited across the commercial screening centers is a key strength of this study, ensuring reliable analyses with a substantial number of participants measured across the range of each risk factor and in important subgroups like women. In particular, the inclusion of biochemical measurements allowed investigations with AAA that have not previously been studied on such a large scale. Furthermore, resurvey measurements enabled the associations to be corrected for regression dilution bias, which allows the true strength of the associations to be reported. Although efforts were made to avoid reverse causality by excluding participants with prior cardiovascular disease and medication, these measures were self-reported and so there would inevitably have been some reporting errors which could potentially bias risk ratios in either direction. There is also likely to have been some residual confounding because of confounding factors measured with error and unmeasured confounders. Since this study was cross-sectional, causality cannot be inferred for any of the associations observed. Finally, participants were self-referred for screening, so the sample in this study was not representative. Although this means that the prevalence of AAA is probably underestimated, associations with risk factors will still be valid as they are not affected by selection bias. 31 
Conclusions
Smoking is a particularly strong risk factor for AAA among men and women at all ages, but for women aged <75 years it is associated with nearly a 30-fold higher risk of AAA. Consequently, whilst female smokers are at lower absolute risk of AAA than male smokers, at any given age female smokers are at higher risk of AAA than male never-smokers. A policy of screening low-risk male never-smokers but not higher risk female smokers is therefore questionable. Loglinear increases in the risks of AAA were also reported across both sexes for height, SBP, BMI, LDL cholesterol, and triglycerides, with inverse associations documented for HDL cholesterol. These characteristics should be considered when evaluating populations that may be at-risk for the development of AAA, and when considering treatments (medical and non-medical) that may be effective for managing the natural progression of this potentially fatal disease.
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